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SUMMARY 


The  Double  Sideband  Suppressed  Carrier  (DSSC)  optical  modulator  contract  was  awarded  to 
Tracor  AES  (formerly  AEL)  to  validate  a  new  technique  of  increasing  d3mamic  range  of  a 
fiber  optic  link.  The  technique  combined  predistortion  of  the  detected  signal  to  cancel  third 
order  spurious  signals  with  more  signal  current  (relative  to  the  current  produced  by  optical 
earner)  on  the  photodetector  to  achieve  increased  dynamic  range. 

Initial  performance  of  the  contract  work  was  performed  at  Tracor.  Due  to  a  turn  over  in 
personnel,  a  subcontract  was  issued  to  UTP  in  Lansdale  to  complete  the  validation  of  the 
DSSC  optical  modulator. 

The  first  section  of  this  final  report  is  a  copy  of  the  final  report  prepared  by  UTP  under 
subcontract  to  Tracor  (SFT57001G).  The  theory  of  operation,  performance  predictions,  and 
summarized  test  results  are  included  in  their  report. 

The  balance  of  the  data  taken  on  the  DSSC  contract  is  contained  in  appendices.  This  data 
contains  more  detailed  test  data,  information  on  hardware  set-ups,  the  software  operation,  and 
additional  analysis  on  a  technique  that  can  fiarther  extend  the  dynamic  range  of  fiber  optic 
links.  Appendix  A  contains  the  interface  to  the  DSSC  hardware  and  operator  instructions. 
Appendix  B  contains  the  DSSC  test  configurations  and  the  test  results.  Appendix  C  contains 
the  simulated  performance  overview.  Appendix  D  summarizes  Tracer’s  recommendations. 
Appendix  E  contains  the  detailed  simulation  of  the  DSSC  performance  compared  to  a 
modified  modulator  configuration. 

Each  major  section  of  the  report;  the  UTP  report  and  the  appendices,  contain  a  summary  of 
the  material  contained  in  it. 
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1.  Executive  Summary 


This  Report  describes  theoretical  and  experimental  investigations  performed  by  Uniphase 
Telecommunications  Products  (UTP)  on  a  double-sideband  suppressed-carrier  (DSSC) 
waveguide  modulator  [1],  The  DSSC  modulator  structure  exhibits  enhanced  sub-octave  linearity 
compared  to  the  standard  Mach-Zehnder  modulator,  and  has  operating  points  where  either 
second-order  or  third-order  distortion  suppression  may  be  achieved.  By  contrast,  a  standard 
Mach-Zehnder  modulator  only  exhibits  a  second-order  distortion  suppression  point. 

In  the  initial  phase  of  the  program,  four  devices  were  fabricated  at  1 300  nm  wavelength  to  validate 
the  concept  of  optical  carrier  suppression.  After  good  agreement  between  theoretical  and 
experimental  results  was  obtained  with  the  1300  nm  devices,  UTP  fabricated  and  tested  two  more 
devices  at  1550  nm.  Investigations  of  the  1550  nm  devices  also  incorporated  an  erbium-doped 
fiber  amplifier  (EDFA). 

Experimental  results  of  harmonic  content  versus  bias  point  obtained  at  both  1300  nm  and  1550 
nm  are  in  good  agreement  with  theoretical  predictions.  At  the  third-order  distortion  suppression 
point,  the  measured  harmonic  content  at  1300  nm  is  consistent  with  a  sub-octave  spurious-free 
dynamic  range  of  125  dB-Hz^^  at  a  DC  photocurrent  of  0.5  mA. 

The  modulators  investigated  in  this  work  were  fabricated  by  UTP  in  LiNbOs  using  the  annealed- 
proton-exchange  (APE)  optical  waveguide  process,  and  packaged  with  optical  fiber-pigtails  using 
UTP's  standard  commercial  high-volume  process,  thereby  validating  the  practicality  of  volume 
production  of  these  devices.  Six  low-loss  fiber-pigtailed  modulators  were  fabricated  (four  devices 
at  1300  nm,  2  devices  at  1550  nm).  The  considerations  leading  to  the  enhanced  linearity  are  not 
specific  to  LiNbOs,  and  similar  transfer  characteristics  are  expected  with  other  material  systems 
incorporating  the  DSSC  geometry. 
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2.  Foreward 


This  Report  is  divided  into  five  main  sections:  Section  3  entitled  “Motivation,”  discusses  the 
motivation  for  the  DSSC  design  in  the  context  of  the  performance  and  limitations  of  previously 
existing  waveguide  Mach-Zehnder  optical  modulators.  Section  4  entitled  “Analysis"  presents 
results  of  theoretical  analysis  and  calculated  predictions  of  the  DSSC  performance  in  terms  of  link 
loss,  harmonic  content,  noise  figure,  second-order  and  third-order  intercept  points,  and  spurious- 
free  dynamic  range.  Section  5  entitled  “Experimental  Results”  contains  experimental  data 
collected  on  the  DSSC  modulator.  Section  6  describes  the  automatic  control  loop  developed  to 
maintain  the  modulator  bias  point  at  the  third-order  suppression  point.  Finally,  Section  7  contains 
a  discussion  of  the  results  and  general  conclusions.  Section  8  lists  bibliographic  references. 
Appendix  A  lists  RF  frequency  response  and  return  loss  data  for  the  DSSC  modulator  devices. 
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3.  Motivation 


Fiber-optic  transmission  of  radio-frequency  (RF)  analog  signals  with  high  dynamic  range  is 
desired  for  many  applications,  including  antenna-remoting  and  phased-array  radar  feeds.  For  the 
most  demanding  RF  and  microwave  applications,  a  system  comprised  of  a  high-power  laser  that 
is  intensity-modulated  using  an  external  Mach-Zehnder  optical  waveguide  modulator  has  been 
shown  to  achieve  the  greatest  transmission  distances  with  the  highest  bandwidth,  carrier-to-noise 
ratio,  and  dynamic  range  [2,3].  Although  the  RF  bandwidth  of  externally-modulated  fiber-optic 
systems  is  comparable  to,  or  even  exceeds  that  of  many  electronic  transmission  systems,  there  is 
still  considerable  improvement  desired  in  noise  figure  and  dynamic  range  to  make  them  suitable 
for  many  applications. 

High-power  diode-pumped  Nd:YAG  lasers  are  already  commercially  available  with  intensity  noise 
at  the  shot-noise  limit,  and  the  intensity  noise  of  high-power  DFB  laser  diodes  is  typically  within 
10  dB  of  the  shot  noise  limit.  Therefore,  immediate  improvements  in  externally-modulated  fiber 
optic  systems  are  most  likely  to  result  from  efforts  to  improve  the  linearity  and  sensitivity  of 
modulators  and  photodetectors.  For  electro-optic  modulators,  the  sensitivity  is  fundamentally 
limited  by  the  electro-optic  coefficient  of  the  modulator  material,  and  the  linearity  is  limited  by  the 
voltage-to-optical  power  transfer  characteristic  of  the  device. 

In  most  applications  using  Mach-Zehnder  waveguide  modulators,  the  dynamic  range  is  limited  by 
the  third-order  distortion  of  the  interferometric  sinusoidal  voltage-to-intensity  transfer 
characteristic.  In  systems  operating  over  more  than  one  octave  of  frequency,  the  Mach-Zehnder 
modulator  is  biased  at  the  midpoint  of  the  transfer  characteristic  to  achieve  suppression  of  the 
second-order  distortion  products.  In  sub-octave  bandwidth  systems,  the  second-order  distortion 
products  fall  out  of  band  and  thus  are  not  important,  but  the  third-order  intermodulation  distortion 
limits  the  spurious-free  dynamic  range  in  the  signal  bandwidth.  Various  optical  techniques  have 
been  proposed  to  extend  the  spurious-free  dynamic  range  of  externally  modulated  fiber-optic 
links,  including  low-biasing  of  the  Mach-Zehnder  modulator  [4],  optical  carrier  filtering  [5],  and 
cascaded  modulators  [6]. 

Low-biasing  [4]  and  carrier-filtering  [5]  are  very  similar  in  that  both  techniques  reduce  the  optical 
power  in  the  carrier  while  maintaining  the  sideband  power  to  achieve  enhanced  spurious-free 
dynamic  range  at  the  expense  of  increased  optical  loss  and  second-order  distortion.  With 
cascaded  modulators  [6],  third-order  distortion  terms  can  be  minimized  by  adjustment  of  the  bias 
voltages  of  the  modulators  and  the  coupling  ratio  of  the  RF  input  signal  between  the  modulator 
sections.  However,  this  technique  suffers  from  the  increased  complexity  of  the  control  system 
required  to  maintain  the  modulator  sections  at  the  optimum  bias  point,  and  the  need  for  multiple 
RF  signal  inputs  with  proper  phase  relationship. 

The  DSSC  device  works  on  the  same  basic  principle  of  external  optical  carrier  filtering  [5],  in  that 
the  optical  carrier  is  suppressed  to  maximize  the  ratio  of  modulation  sideband-to-carrier  power. 
However,  the  DSSC  device  eliminates  the  need  for  an  external  optical  filter,  which  in  practice  can 
be  difficult  to  implement  and  control.  In  the  DSSC  modulator,  the  carrier  suppression  is  achieved 
entirely  on  the  integrated  optical  chip,  by  splitting  off  a  portion  of  the  input  electric  field  and 
recombining  it  at  the  output  of  a  Mach-Zehnder  modulator  with  appropriate  amplitude  and  phase 
(see  Figure  1  block  diagram  of  DSSC  chip  layout).  By  selectively  cancelling  the  optical  carrier,  the 
optical  modulation  index  is  effectively  enhanced.  Then,  by  employing  an  optical  amplifier,  a  high- 
power,  high-modulation-index  signal  is  obtained  which  results  in  an  optical  link  with  less  RF 
insertion  loss.  An  undesireable  effect  of  carrier  suppression  is  generation  of  harmonic  distortion. 
Therefore,  the  present  research  program  has  been  directed  toward  determining  the  tradeoffs 
between  carrier  suppression  and  harmonic  distortion  in  a  general  sense,  to  identify  the  optimum 
operating  points  for  the  DSSC  modulator. 
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4.  Analysis 

A  fiber-optic  link  incorporating  the  DSSC  modulator,  shown  in  Figure  1 ,  was  analyzed  to 
determine  the  following  performance  parameters  as  a  function  of  the  DC  bias  point  of  the  RF 
modulator  section: 

1) .  Link  loss 

2) .  Noise  figure 

3) .  Second  and  third-order  intercept 
A).  1  dB  compression  point 

5).  Spur-free  dynamic  range 


Vrf  + 

Vbiasl  Vphasel 


Vbias2  Vphase2 


Figure  1.  Block  diagram  of  fiber-optic  iink  incorporating  DSSC  modulator  as  analyzed. 


For  this  analysis,  the  modulator  section  in  the  carrier  suppression  arm,  Vbias2,  was  biased  for 
maximum  transmission.  The  voltages  Vphasel  and  Vphase2  are  assumed  to  be  adjusted  to 
achieve  a  phase  shift  of  180  degrees  between  the  two  arms.  For  these  conditions,  the  DC  transfer 
characteristic  for  optical  power  versus  bias  point  of  the  RF  modulator  section,  Vbiasl ,  is  shown  in 
Figure  2.  The  introduction  of  the  anti-phase  electric  field  from  the  carrier  suppression  arm  at  the 
output  of  the  RF  Mach-Zehnder  causes  the  transfer  function  to  be  asymmetric,  compared  to  a 
standard  Mach  Zehnder  modulator.  This  asymmetry  can  be  exploited  to  realize  enhanced 
dynamic  range.  The  vertical  lines  indicate  the  bias  points  at  which  the  second-order  and  third- 
order  distortion  terms  are  minimized. 

The  second-order  distortions  are  minimized  when  the  modulator  is  biased  at  the  point  where  the 
transfer  characteristic  has  its  highest  degree  of  symmetry,  indicated  as  a  vertical  line  at  4.19 
radians  in  Figure  2.  This  also  corresponds  approximately  to  the  DC  half-power  bias  point.  At  this 
point,  the  modulator  behaves  very  much  like  a  standard  Mach-Zehnder  modulator.  The  third- 
order  terms  are  minimized  at  a  bias  of  4.96  radians,  where  the  transfer  characteristic  most  closely 
approximates  a  quadratic  function.  This  bias  point  does  not  occur  in  the  standard  Mach-Zehnder 
modulator. 
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The  parameters  of  the  link  used  in  the  calculations  are  as  indicated  in  Table  1 


Vpi _ 

Optical  Excess  Insertion  Loss 
(at  maximum  transmission) 

Input  Impedance _ 

Input  Optical  Power _ 

Laser  RIN _ 

Wavelength  _ 

Photodiode  Responsivity 

RF  input  power  _ 

modulation  depth 


8V 

6dB 

SO  ohms 
20  mW 
-160  dB/Hz 
1550  nm 
0.9  A/W 
-12  dBm 
3% 


Table  1.  Optical  link  parameters. 


DSSC  DC  Transfer  Characteristic 


Figure  2.  DC  optical  output  power 
constant  optical  input  power  to  DS 


■ 


>T»mFiK 


The  calculated  RF  output  power  versus  bias  point  of  the  RF  section  is  shown  in  Figure  3.  The 
point  at  which  second-order  distortion  terms  are  minimized  occurs  at  a  bias  of  4.19  radians.  This 
bias  point  is  useful  for  wideband  systems  in  which  the  modulation  signal  may  span  more  than  one 
octave  of  frequency.  The  third-order  distortion  performance  of  the  DSSC  modulator  at  this  bias 
point  is  similar  to  that  of  a  standard  Mach-Zehnder  modulator.  The  point  at  which  the  third-order 
distortion  terms  are  minimized  occurs  at  4.96  radians.  This  bias  point  is  useful  for  narrowband 
systems  spanning  less  than  one  octave,  since  the  second-order  distortion  terms  are  not 
minimized  at  this  point. 


bias  [rad] 

RF  fundamental 
two-tone  intermods 
2nd  harmonic 
total  noise 


Figure  3.  RF  power  vs.  DC  bias  of  RF  modulator  section  for  constant  optical  input  power 

to  DSSC  modulator. 
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The  RF  gain  of  the  DSSC  link  was  computed  as  the  ratio  in  dB  of  output  signal  RF  power  to  input 
signal  RF  power.  This  is  shown  in  Figure  4.  For  a  fixed-level  of  laser  input  power  to  the  moduiator, 
the  RF  gain  is  reduced  by  approximately  6  dB  at  the  third-order  distortion  minimum,  compared  to 
the  second-order  distortion  minimum.  However,  the  DC  opticai  power  at  the  third-order  distortion 
null  is  also  reduced  by  approximately  6  dB  compared  to  the  second-order  null.  Therefore,  if  more 
optical  power  is  added  to  keep  the  DC  link  optical  output  power  constant  as  the  bias  point  of  the 
RF  Mach-Zehnder  is  varied,  then  the  effective  RF  link  gain  is  increased  at  the  third-order  nuli,  as 
shown  in  Figure  5.  This  is  similar  to  the  case  of  low-biasing  a  standard  Mach-Zehnder  modulator 
[1].  However,  the  DSSC  modulator  has  the  added  feature  of  greatly  reduced  third-order  distortion, 
due  to  its  modified  transfer  function. 


RF  Gain  vs.  RF  MZ  DC  Bias 


bias  [rad] 

Figure  4.  RF  gain  vs.  DC  bias  of  RF  modulator  section  for  constant  optical  input  power  to 

DSSC  modulator. 
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From  Figure  5  it  can  be  seen  that  the  RF  gain  of  the  DSSC  link  at  the  third-order  null  point  is 
increased  by  approximately  12  dB  for  the  case  of  constant  optical  output  power  compared  to 
constant  optical  input  power.  Also,  the  gain  is  increased  by  about  6.8  dB  compared  to  the 
wideband  bias  point.  The  additional  RF  gain  comes  at  the  expense  of  an  additional  6  dB  of  optical 
power.  However,  the  DC  photocurrent  is  not  increased.  Therefore,  when  the  output  power  is  kept 
constant,  we  can  view  the  increase  in  RF  gain  as  an  effective  decrease  in  the  modulator  Vpi  by  a 
factor  of  2  when  going  from  the  second-order  null  point  to  the  third-order  null  point.  It  is 
emphasized  that  this  effective  2-fold  decrease  in  Vpi  comes  at  the  expense  of  a  4-fold  increase  in 
optical  power. 


constant  output  power 
constant  input  power 


Figure  5.  RF  gain  vs.  DC  bias  of  RF  modulator  section  for  constant  optical  output  power 

from  DSSC  modulator. 


10 


The  RF  output  noise  sources  for  the  DSSC  link  were  computed,  and  are  plotted  in  Figure  6  vs. 
bias  of  the  RF  modulator  section.  These  calculations  assume  only  the  noise  contribution  due  to 
the  laser  diode.  The  noise  due  to  the  EDFA  will  add  to  this  value,  but  the  exact  amount  of  added 
noise  will  be  highly  dependent  on  the  characteristics  of  the  particular  EDFA,  the  modulation 
depth,  and  the  input  optical  power.  At  present,  no  good  analytic  treatment  of  the  noise  of  the 
saturated  EDFA  exists,  so  it  is  necessary  to  measure  the  actual  noise  contribution  for  a  particular 
EDFA  vs.  optical  input  power. 


RF  Output  Noise  vs.  RF  MZ  DC  Bias 


RIN 
thennal 
total  noise 


Figure  6.  RF  output  noise  sources  vs.  DC  bias  of  RF  moduiator  section  for  constant 
opticai  input  power  to  DSSC  moduiator  (no  EDFA). 
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The  computed  noise  figure  of  the  DSSC  link  is  shown  in  Figure  7  for  the  case  of  constant  input 
optical  power.  Although  the  RF  gain  is  lower  at  the  third-order  null,  the  noise  figure  does  not 
degrade  appreciably  when  moving  from  the  second-order  null  to  the  third-order  null,  since  the 
output  noise  is  also  lower.  Therefore,  the  computed  RF  noise  figure  is  approximately  47  dB  for 
both  cases.  For  the  case  where  the  optical  output  power  is  maintained  at  a  constant  level  vs.  bias 
point,  the  RF  output  noise  will  also  be  constant  for  all  bias  points.  Since  the  RF  gain  is  increased 
by  6.8  dB  when  moving  from  the  second-order  null  to  the  third-order  null,  but  the  optical  power 
and  output  noise  are  unchanged,  the  RF  noise  figure  will  be  reduced  by  6.8  dB  when  moving  from 
the  second-order  null  to  the  third-order  null  for  the  case  of  constant  optical  output  power. 


2  2.5  3  3.5  4  4.5  5  5.5  6  6.5  7  7.5  8 

bias  [rad] 


Figure  7.  RF  noise  figure  vs.  DC  bias  of  RF  modulator  section  for  constant  opticai  input 

power  to  DSSC  moduiator. 
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The  input  second-order  and  third-order  intercept  points  vs.  bias  on  the  RF  Mach-Zehnder  section 
are  plotted  in  Figure  8.  The  intercept  points  are  the  same  for  the  cases  of  both  constant  optical 
input  power  and  constant  optical  output  power.  This  is  because  the  link  gain  and  output  intercept 
points  exactly  cancel  each  other. 


Input  IP2 
Input  IPS 


Figure  8.  Input  2nd-order  and  3rd-order  intercept  points  vs.  DC  bias  of  RF  modulator 

section  for  DSSC  modulator. 
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The  input  1  dB  compression  point  is  plotted  in  Figure  9  for  both  constant  optical  input  power  and 
constant  optical  output  power.  The  1  dB  compression  point  is  estimated  as  being  10  dB  lower 
than  the  input  third-order  intercept  point. 


Figure  9.  Input  1  dB  compression  point  vs.  DC  bias  of  RF  modulator  section  for  both 
constant  optical  input  power  and  constant  optical  output  power. 
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Finally,  the  spurious-free  dynamic  range  (SFDR)  is  plotted  in  Figures  10a  and  10b  for  both 
constant  optical  input  power  and  constant  optical  output  power.  The  1550  nm  case  is  plotted  in 
Figure  10a,  while  the  1300  nm  case  with  the  200  mW  Nd;YAG  laser  is  plotted  in  Figure  10b.  The 
value  of  SFDR  at  the  second-order  null  is  equal  to  the  value  obtained  using  a  standard  Mach- 
Zehnder  modulator  with  the  same  photocurrent.  The  noise  figure  for  the  1300  nm  case  is  lower, 
since  the  Nd:YAG  laser  is  shot  noise  limited,  whereas  the  DFB  has  excess  RIN  in  addition  to  shot 
noise.  As  will  be  seen  in  the  next  section,  the  predicted  value  of  SFDR  at  the  third-order  null  for 
the  1300  nm  case  is  within  1  dB  of  the  measured  value  shown  in  Figure  20.  Thus,  good 
agreement  exists  between  the  theoretical  predictions  and  experimental  values  for  the  DSSC 
modulator. 


—  Constant  input  power 
Constant  output  power 


Figure  10a.  1550  nm  (no  EDFA)  spurious-free  dynamic  range  vs.  DC  bias  of  RF  modulator 
section  for  both  constant  optical  input  power  and  constant  optical  output  power. 
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5.  Experimental  Results 

All  DSSC  modulator  devices  (2  GHz,  6  GHz,  and  18  GHz)  were  characterized  for  frequency 
response,  RF  return  loss,  insertion  loss,  and  Vpi.  The  predicted  harmonic  content  from  the 
analysis  versus  bias  voitage  is  in  good  agreement  with  measured  results,  as  shown  in  Figure  1 1 . 
This  indicates  that  the  differential  phase  balance  of  the  RF  Mach-Zehnder  section  achieved  on 
the  devices  is  adequate  for  the  DSSC  application  (i.e.,  there  is  apparentiy  no  measurable 
incidental  phase  modulation  of  the  optical  carrier  by  the  RF  Mach-Zehnder  modulator  section  on 
any  of  the  initiai  devices).  Therefore,  it  appears  that  the  initial  devices  worked  as  expected,  and 
no  substantial  changes  to  the  waveguide  or  electrode  structure  are  required. 

A  computer-controlled  test  station  was  constructed  to  faciiitate  the  device  testing  using  A/D  and 
D/A  boards  in  an  IBM  PC  compatible  computer  running  LabVIEW  instrument  control  software  to 
control  the  bias  electrodes  of  the  modulator,  and  GPIB  control  of  a  spectrum  analyzer  to  collect 
the  RF  and  harmonic  amplitudes  versus  the  bias  points.  Experimental  results  for  all  of  the  devices 
of  RF  fundamentai  and  harmonics  vs.  DC  bias  of  the  RF  Mach-Zehnder  section  are  shown  in 
Figures  11  through  19.  The  value  “a”  refers  to  the  relative  carrier  suppression  ampiitude  (i.e.,  a=1 
impiies  equal  amplitude  in  upper  and  lower  arms  of  the  DSSC,  as  shown  in  Figure  1 .) 

The  spurious-free  dynamic  range  (SFDR)  was  calculated  from  the  theory,  and  is  in  good 
agreement  with  measured  results  in  both  wideband  (second-order  distortion  suppressed)  and 
narrowband  (third-order  distortion  suppressed)  modes.  In  wideband  mode,  the  SFDR  is 
104  dB-Hz^^  at  a  DC  photocurrent  of  1  mA,  which  is  equal  to  the  SFDR  of  a  standard  Mach- 
Zehnder  modulator.  This  assumes  50-50  current  divider  between  internal  photodiode  ioad  and 
external  circuit  load.  At  the  third-order  distortion  suppression  point,  the  SFDR  is  approximately 
124  dB-Hz^^  at  a  DC  photocurrent  of  1  mA.  These  results  are  shown  in  Figure  20. 
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Table  2.  Measured  DC  parameters  of  DSSC  modulators. 


power  at  photodiode  [dBm] 


Power  at  photodiode  [dBm]  (Q  Power  at  photodiode  [dBm] 


Power  at  photodetector  [dBm] 
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Pout  [dBm] 


6.  Control  Loop 


To  realize  the  maximum  SFDR,  a  control  loop  is  necessary  to  maintain  the  DSSC  bias  at  either 
the  second-order  or  the  third-order  suppression  point,  due  to  the  slow  bias-point  drift  versus 
temperature  and  optical  input  power  level  characteristic  of  lithium  niobate  interferometric 
modulators.  The  second-order  suppression  can  be  accomplished  in  the  same  way  as  with  a 
standard  Mach-Zehnder,  with  a  control  loop  that  adjusts  the  DC  bias  so  as  to  minimize  the 
second  harmonic  of  a  test  signal  applied  to  the  DSSC.  To  operate  at  the  third-order  suppression 
point,  the  circuit  illustrated  in  Figure  21  was  built,  in  which  an  out-of-band  two-tone  test  signal  is 
applied  to  the  DSSC,  and  an  error  signal  is  derived  from  the  third-order  intermodulation  sideband 
amplitude.  A  computer  control  algorithm  senses  this  error  signal  and  adjusts  the  modulator  bias  to 
minimize  the  error  signal. 

Referring  to  Figure  21 ,  the  third-order  bias  control  system  operates  as  follows;  An  out-of-band 
two-tone  pilot  signal  with  10.7  Mhz  separation  at  872  MHz  and  882.7  MHz  is  first  generated.  Both 
tones  are  synthesized  coherently  from  a  common  10.7  MHz  crystal  oscillator  reference.  The  two- 
tone  pilot  signal  is  then  combined  with  the  RF  input  signal  to  be  transmitted  and  applied  to  the 
DSSC  RF  input.  In  this  case,  the  input  signal  is  at  baseband  frequencies  up  to  435  MHz.  The  pilot 
signal  frequency  must  be  twice  the  bandwidth  of  the  baseband  RF  input,  to  prevent 
intermodulation  products  from  falling  into  the  signal  band.  As  the  bias  point  of  the  modulator  drifts 
from  the  optimum  third-order  suppression  point,  the  intermodulation  products  generated  at  10.7 
MHz  to  either  side  of  the  two-tone  pilot  signals  increase.  To  close  the  loop,  a  portion  of  the 
modulated  optical  output  power  of  the  DSSC  is  photodetected,  filtered,  and  mixed  with  the  872 
MHz  tone,  which  downconverts  one  of  the  intermodulation  sidebands  to  a  baseband  frequency  of 
21.4  MHz.  The  amplitude  of  this  21.4  MHz  signal  is  minimized  when  the  bias  of  the  modulator  is 
properly  adjusted  for  third-order  suppression.  To  achieve  the  required  sensitivity,  the  21.4  MHz 
signal  is  subsequently  filtered,  amplified,  and  synchronously  detected  with  the  doubled  10.7  MHz 
reference  to  produce  a  DC  voltage  which  is  proportional  to  the  bias-error.  This  DC  level  is 
sampled  by  an  IBM  PC  compatible  computer  running  a  control  program  that  adjusts  the  DSSC 
bias  voltage  to  minimize  the  error  signal. 

A 1300  nm  device  was  temperature  cycled  to  quantify  the  control  system  performance  in  terms  of 
harmonic  content  vs.  DSSC  temperature.  The  results  of  these  tests  are  shown  in  Figure  22. 
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Figure  21.  Schematic  of  Bias  controi  circuit. 
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Pdiode  [dBm] 


7.  Discussion  of  Resuits 


This  Report  has  described  results  of  theoretical  and  experimental  investigations  performed  by 
DTP  on  the  DSSC  waveguide  optical  modulator.  It  was  shown  that  fiber-optic  links  constructed 
with  the  DSSC  modulator  can  exhibit  enhanced  RF  gain  and  reduced  levels  of  third-order 
intermodulation  distortion  compared  to  links  employing  a  standard  Mach-Zehnder  modulator.  The 
experimental  results  are  in  good  agreement  with  the  theoretical  predictions.  In  this  section,  the 
results  and  their  system  impacts  are  discussed. 

The  DSSC  modulator  concept  was  originally  proposed  [1]  to  circumvent  a  primary  limitation  to  RF 
fiber-optic  link  losses:  photodiode  saturation.  It  was  envisioned  that  the  DSSC  modulator  would 
enable  low-loss  fiber-optic  transmission  of  RF  signals  by  virtue  of  the  reduced  optical  carrier 
power  compared  to  the  sideband  power,  so  that  photodiode  saturation  due  to  high  carrier  power 
could  be  avoided.  When  combined  with  an  optical  amplifier,  it  was  proposed  that  the  RF 
sidebands  could  be  amplified  at  the  output  of  the  DSSC  modulator  in  the  optical  domain,  while 
minimizing  the  optical  carrier  power  on  the  photodiode,  and  thereby  achieve  lower  RF  link  losses. 

In  the  course  of  this  research  program,  reduced  RF  link  losses  through  carrier  suppression  were 
demonstrated  theoretically  and  experimentally.  In  Figure  5,  the  RF  gain  versus  bias  on  the  RF 
Mach-Zehnder  section  (Vb1)  is  plotted  for  the  cases  of  both  constant  optical  input  power  and 
constant  optical  output  power.  From  this  plot,  it  can  be  seen  that  the  RF  gain  at  the  third-order 
distortion  minimum  point  is  calculated  to  increase  by  approximately  12  dB  when  the  optical  power 
on  the  photodiode  is  held  constant  as  the  bias  point  Vbl  is  varied.  In  the  calculation  of  Figure  5, 
the  optical  output  power  was  held  constant  at  the  level  obtained  at  the  second-order  distortion  ’ 
null.  Constant  optical  output  power  can  be  achieved  in  practice  by  placing  an  EDFA  operating  in 
saturation  between  the  output  of  the  DSSC  and  the  photodiode  input. 

In  Figure  17,  the  RF  power  versus  Vbl  without  an  EDFA  is  plotted  for  DSSC  S/N  3083.  In  this 
experiment  the  optical  output  power  at  the  second-order  null  is  approximately  +1  dBm.  From  this 
plot,  the  RF  link  gain  is  seen  to  be  approximately  -50  dB  at  the  third-order  null  near  Vbl  =  -6.8  V, 
at  an  optical  output  power  of  -5  dBm.  In  Figure  18,  the  response  of  DSSC  device  S/N  3083  is 
plotted  with  an  EDFA  inserted  between  the  DSSC  and  the  photodiode.  Since  the  EDFA  output 
power  level  is  approximately  +14  dBm,  an  optical  attenuator  is  used  to  reduce  the  EDFA  output 
power  to  a  level  of  0  dBm  at  the  third-order  null  point.  In  this  case,  the  RF  gain  at  the  third-order 
distortion  null  is  measured  to  be  approximately  -40  dB.  If  the  optical  output  power  is  normalized  to 
be  +1  dBm  to  compare  with  the  output  power  level  at  the  second-order  null  point,  then  the  gain  is 
actually  -38  dB.  Therefore,  approximately  12  dB  improvement  in  RF  link  loss  was  observed  when 
using  the  DSSC  in  conjunction  with  an  optical  amplifier,  in  good  agreement  with  the  theoretical 
prediction  of  12  dB  improvement  from  Figure  5. 

Even  larger  amounts  of  link  gain  improvement  are  possible  by  operating  at  bias  points  other  than 
the  third-order  distortion  null.  For  example,  comparing  Figures  17  and  18,  a  27  dB  improvement  in 
link  gain  is  observed  when  using  the  EDFA  at  a  bias  point  Vbl  of  approximately  -8.5  V.  However, 
the  absolute  value  of  the  link  gain  with  EDFA  at  this  operating  point  is  -35  dB.  Although  a  27  dB 
improvement  in  link  gain  is  impressive,  the  absolute  value  of  the  link  gain  not  significantly 
improved  over  the  value  obtained  at  the  third-order  null  point  of  -38  dB.  This  bias  point 
corresponds  to  operation  of  the  device  closer  to  complete  carrier  suppression.  Since  operating 
points  in  this  region  exhibit  a  substantially  higher  level  of  third-order  distortion  than  would  typically 
be  acceptable  in  most  systems,  they  were  not  investigated  further. 

Also,  the  amount  of  second-  or  third-harmonic  suppression  was  not  appreciably  degraded  by  the 
introduction  of  the  optical  amplifier.  In  the  experiments  of  Figures  17  and  18,  the  second-harmonic 
suppression  at  the  third-order  null  was  approximately  14  dB  in  both  cases.  The  third-harmonic 
suppression  was  in  excess  of  80  dB  in  both  cases. 
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When  operating  the  photodiode  at  higher  opticai  power,  as  shown  in  Figure  19,  the  iink  iosses 
can  be  reduced  even  further.  In  Figure  1 9,  at  the  third-order  null  point  near  Vbl  =  -7  V,  the  link 
gain  is  -28  dB,  with  an  optical  output  power  of  approximately  +6  dBm.  This  is  a  10  dB 
improvement  in  link  gain  compared  to  the  case  of  Figure  18.  The  optical  power  increase  at  the 
third-order  null  between  these  two  experiments  is  5  dB,  so  the  RF  gain  scales  2  dB  for  each  1  dB 
of  optical  power,  as  expected.  The  approximately  12  dB  degradation  in  third-order  distortion 
suppression  observed  at  in  Figure  19  is  probably  due  the  photodiode  beginning  to  saturate  at  this 
high  input  power  level. 

Although  lower  link  losses  can  be  achieved  through  the  introduction  of  carrier  suppression,  the 
improvement  in  link  gain  is  accompanied  by  an  increase  in  second-harmonic  distortion  compared 
to  the  standard  Mach-Zehnder  modulator  at  quadrature  bias.  This  is  what  might  be  expected 
intuitively,  since  it  is  well-known  that  in  the  limit  of  complete  carrier  suppression  in  the  Mach- 
Zehnder  modulator,  a  very  strong  RF  second-harmonic  is  generated  upon  photodetection.  In  fact, 
the  “null-biasing”  technique  has  been  employed  to  use  the  Mach-Zehnder  link  as  a  frequency- 
doubler,  and  to  generate  tunable  optical  local  oscillator  signals  for  use  in  photonic  mixing 
systems. 

The  bulk  of  the  present  research  effort  was  directed  toward  identifying  the  operating  points  at 
which  the  harmonic  distortion  is  minimized  in  the  DSSC.  In  Figure  3,  the  calculated  RF  power 
versus  bias  point  of  the  RF  modulator  section  is  plotted.  When  carrier  suppression  is  complete, 
which  occurs  near  6.25  radians  in  this  plot,  the  RF  fundamental  power  is  also  completely 
suppressed.  This  is  confirmed  experimentally  in  Figures  11  through  16.  However,  it  can  be  seen 
that  a  point  exists  at  4.96  radians  where  the  third-order  intermodulation  distortion  is  strongly 
suppressed.  This  type  of  suppression  does  not  occur  in  the  standard  Mach-Zehnder  modulator. 

The  DSSC  achieves  enhanced  linearity  via  the  introduction  of  a  controlled  amount  of 
unmodulated  optical  carrier  at  the  output  of  a  standard  balanced  Mach-Zehnder  modulator.  This 
introduces  an  asymmetry  into  the  voltage-to-optical  power  transfer  characteristic  compared  to  the 
standard  Mach-Zehnder,  so  that  an  operating  point  exists  where  third-order  distortion  terms  are 
minimized.  When  operated  at  this  point,  the  DSSC  has  significantly  enhanced  linear  dynamic 
range  compared  to  the  standard  Mach-Zehnder  modulator.  This  extended  dynamic  range  is 
achieved  when  the  DSSC  is  biased  at  a  point  where  the  third-order  term  in  its  polynomial 
expansion  is  minimized.  However,  at  this  operating  point,  the  second-order  distortion  is  not 
minimized.  Therefore,  this  operating  point  is  limited  to  sub-octave  applications.  (In  a  sub-octave 
application,  second-harmonics  will  fall  out  of  band.) 

The  spurious-free  dynamic  range  of  the  DSSC  at  1300  nm  was  calculated  as  shown  in  Figure  10b 
to  be  approximately  126  dB-Hz*(2/3).  This  was  confirmed  experimentally  as  shown  in  Figure  20, 
in  which  the  spurious-free  dynamic  range  was  measured  to  be  124.7  dB-Hz''(2/3).  This  value 
was  inferred  from  measurements  of  the  third-order  intermodulation  products  and  the  computed 
shot-noise  level  due  to  the  Nd:YAG  laser.  This  level  of  dynamic  range  is  only  achievable  in  a  sub¬ 
octave  bandwidth,  as  discussed  previously. 
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Appendix  A 

Swept  Frequency  Response  Data  for  DSSC  modulator  devices. 
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Figure  A-2.  RF  return  loss  and  through  loss  verses  frequency  for  modulator  number  1188. 
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Figure  A-4.  RF  return  loss  and  through  loss  verses  frequency  for  modulator  number  1190. 
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Figure  A-5. 
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DSSC  Optical  Link:  Demonstration  &  Test  Results 
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DSSC  Optical  Link  Demonstration/Test  Results 
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III:  DSSC  Modulator  Performance  Enhancement  Simulations 


List  of  Figures  and  Tables 

Figure  A-1-1.  DSSC  Hardware. 

Figure  A-l-2a.  Pieture  of  the  DSSC  Hardware  and  Test  Setup  (for  Noise  Figure,  Phase-stability,  and  Multiearrier  IM)  at  AEL. 
Figure  A-l-2b.  Picture:  DSSC  Hardware  and  Phase  Noise  Test  Setup  at  AEL. 
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Table  B-2- 1-2.  IM  Performance  of  the  DSSC  Modulator  Link. 
Table  B-2-2- 1 .  Comparison  of  Lasertron  and  Ortel  PDs. 

Table  B-2-2-2.  Degradation  of  Ortel  High-power  PD. 
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such  folly  automated  computer  control  can  be  by-passed  for  a  manual  mode  of  operation.  The  software  developed  allowed  automatic 
collection  as  well  as  reduction  of  the  test  data  for  DSSC  link  performance  evaluation  (see  Section  E,  Appendix-  II,  Computer 
Control:  Labview  Instructions,  for  the  operating  instructions  of  the  software  developed  at  AEL). 


The  transmit  channel  hardware  (which  includes  a  1550-mn  DFB  laser  and  drive  electronics,  LiNb03  EO  modulator  chip  with 
DC  and  RF  bias  and  optical  I/O  ports,  fiber  pigtails,  RF  and  optical  connectors,  etc.,)  is  shown  in  Figure  A- 1-7.  These  optical 
components  are  assembled  in  the  Laser/DSSC  subunit.  A  similar  subunit  assembled  for  the  optical  receiver  included  a  Lasertron  PIN 

photodetector  and  biasing  circuit.  A  pictorial  presentation  of  the  transmitter  and  receiver  hardware  layout  within  the  respective  chassis 
is  given  in  F igure  A- 1  -8 . 
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Figure  A-1-1.  DSSC  Hardware. 
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Figure  A-l-2a.  Picture  of  the  DSSC  Hardware  and  Test  Setup  (for  Noise  Figure,  Phase-stability,  and  Multicarrier  IM)  at  AEL. 
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Figure  A-l-2b.  Picture  of  the  DSSC  Hardware  and  Phase  Noise  Test  Setup  at  AEL 
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Figlire  A-1-3.  Computer  Interface  to  DSSC  Hardware:  D/A  and  A/D  Terminal  Boards  with  Interconnection  Diagram. 


The  following  hardware  is  required  to  run  the  DSSC  software  controls  and  interface  the  computer  with  the  DSSC  system: 
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Table  A-I-2.  DSSC  Bias  Connectorization  Scheme  (for  biasing  DSSC,  on  rear  of  transmitter  unit). 
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Table  A-I-3.  DSSC  DC  Power  Distribution  Scheme:  Color  Code. 


Figure  A- 1-6.  Schematic  of  the  DSSC  Biasing  Circuit. 
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Figure  B- 
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Figlire  B-2-0-1.  Two-tone  IM  Test  Configuration;  DSSC  Link  with  EDFA.  Three-tone  Testing,  Requires  a  Third  Tone. 
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Figure  B-2-0-2.  Noise  Figure  Test  Configuration. 
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Figure  B-2-0-3.  Phase-Noise  Test  Setup  and  Accessories  at  AEL. 
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Figure  B-2-0-5.  Phase  Stability  Test  Configuration. 
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the  photodetector  can  yield  a  better  performance. 
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Figure  B-2-1-1.  Two-tone  IMD  Test  Data  Measured  at  C-band,  15-MHz  Channel  Spacing;  DSSC  Link  w/o  EDFA. 
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Figure  B-2-1-2.  RP  Output  Signals  Measured  by  the  Spectrum  Analyzer  [HP8563E]:  Carriers,  Harmonics,  and  IMs  (for  three  tones 

set  at  2.7, 2.71 5,  and  2.73  GHz  with  15  MHz  spacing). 
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Figure  B-2-l-3a. 
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VBW  10  Hsc  SWP  5.  00 


Figure  B-2-l-3b.  Reduction  of  the  third-order  IM  by  DSSC  Bias  Control  at  S-band  [Third-order  IM  2fl-0  (2)  2.67  GHz 
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Figure  B-2-l-4a.  Multicarrier  IM  Products  of  the  DSSC  Modulator:  Three-tone  Tests  at  S-band  [DSSG  Modulator  w/o  EDFA,  three 

tones  set  @  ~2.7  GHz,  15-MHz  apart;  input  optical  power  level-  low  (0.474  mW)]. 
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Input  Power  in  dBm 


Figure  B-2-l-4b.  Multicarrier  IM  Products  of  the  DSSC  Modulator:  Three-tone  Tests  at  S-baod  PSSC  Modulator  w/EDFA  and 
Lasertron  PD,  tliree  tones  set  @  ~  2.7  GHz,  i5-MHz  apart;  input  optical  power  level-  medium  (0.95  mW)]. 
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Figure  B-2-l-4c.  Multicarrier  IM  Products  of  the  DSSC  Modulator:  Three-tone  Tests  at  S-band  [DSSC  Modulator  w/EDFA  and 
Lasertron  PD,  three  tones  set  @  ~  2.7  GHz,  15-MHz  apart;  input  optical  power  level-  high  (1.9  mW)]. 
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Noise  Figure  (F,  dB) 


Figure  B-2-l-6a.  Performance  Analysis  of  Externally  Modulated  Optically  Preamplified  Direct  Detection  Analog  Link:  Optical 

Hardware  Configuration. 
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Figure  B-2-l-6b.  Performance  Analysis  of  Externally  Modulated  Optically  Preamplified  Direct  Detection  Analog  Link:  Effect  of  Link 

Gain/Loss  on  Noise  Figure;  RIN  @  -160  dB/Hz. 
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Total  Photodetector  Current  (mA) 


Figure  B-2-l-6c.  Performance  Analysis  of  Externally  Modulated  Optically  Preamplified  Direct  Detection  Analog  Link:  Effect  of 

Laser  RIN  on  Noise  Figure;  Link  Gain/Loss  @  -60  dB. 
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Total  Photodetector  Current  (mA) 


Figure  B-2-l-7a.  DSSC/EDFA  Link:  EDFA  Output  Measured  by  Optical  Spectrum  Analyzer;  Input  Optical  Power  Level :  Low;  20- 

dB  In-line  Optical  Pad  to  OSA 
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DSSC/EDFA  Link  ;  EDFA  Output  Measured  by  Optical  Spectrum  Analyzer;  Input  Optical  Pi 

dB  In-line  Optical  Pad  to  OSA 
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Table  B-2-1-1.  DSSC  Performance  Tests  Using  Optical  Spectrum  Analyzer  (OSA) 
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Note:  For  Runs  1  through  3,  the  OSA  was  fed  directly  from  the  EDFA.  A  fixed  optical  pad  (~  10-dB  rating  @  1300  nm)  was  used  to  limit  the  optical  input  to 

the  OSA.  DSSC  bias  stabilization  achieved  through  internal  tones  and  feedback  loop. 


Table  B-2-1-2.  IM  Performance  of  the  DSSC  Modulator  Link. 
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B-2.2  Noise  Performance  of  DSSC  Modulator 
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Optical  power  on  the  NF  and  a  comparison  of  the  two  detectors  are  shown  in  these  figures.  We  found  the  Ortel  detector  less  sensitive 


OS 

0) 


Oh 


!/5 

o 


‘S  2 

^  B 

o 

§  I 

2  •“ 

2  CL 

a  ^ 

U  O 
O  u? 
Ch  ^ 
p  CO 


O 

■g^ 

cd 

u 

'tS 

■> 

o 

;h 

ft 


w 

r<^ 

VO 

>o 

00 

ft 

ffi 

a 


i-( 

,<u  — 

U  U 

(u  H 

CO 


D  O 

I 


o 

a 


Vl 

U 

;3 

cr 


00 
c 


X/i 

S3 

O 

• 

I 

'g 

o 

o 

+-> 

CO 

<L) 

+-* 

"S 

O 

4-1 

O 


g 

'*-• 

o 

C3 

"S 

T3 

0) 

CO 

’o 

a 

(D 

CO 

cd 

413 

CL 

<D 


43 

CO 

1 

0) 

4-1 

O 

CO 

O 


o 

(D 

-♦-» 

JJ 

.1 

CO 


'g 

o 


T3 

0) 

Lh 

(D 


Cd 

I. 

CO 

p 

»-l 

O 

CO 

CO 

(D 

O 

o 

cd 

to 

D 

o 

CO 

‘o 

S3 

0) 

CO 

CL 


C3  43 

3S 

o  ^ 

(U 

'B 

o 

B 

B 

o 

o 

CO 
0^ 
bO 


N 


-♦-» 

(D 
CO 
■f-» 

CO 
<L) 

-♦-» 

CD 

CO 

i 

G  o 

2#  CO 

S  cd 

'ft 

'g 

^  -s 

o  g 

t 

•  ^ 

43  g 
CL  ^ 

g  § 

<  a 

*  I 

13 

o 


H  <L) 

t3  SG 

pH 

CO  Y 
CO 

cd 

B  CL 

-  a 

I's 

Si  B 

<u  "Si 


(D  CO 

43  P 

a  ^ 

o 

P 

m  ^ 

cd 

(D 

Vh 

-a 


cd 

o 


00 

4^  00 


ON 

I 

CN 

I 

(N 

PQ 


vn  IS 

CN  X 
'  ti 
<N  o 

'  43 

m  ^ 


cS  g 


cO 


bO 


O 


(» 


TS  ^ 

<u  c 


<U  ’^33  ^ 

E3  fcl  ^ 

g  'S 

<U  M  ^ 

ii  <U  "O 

ft  g  « 

cd  .33  CJ 


g  g 
S  p 


(L> 


c3  *5^ 


43;  43 

JrJ  ^ 

CL  43 


89 


Figure  B-2-2-1.  DSSC  Link  Gain  and  Noise  Figure  Data  Measured  Using  Lasertron  PD  at  Various  Input  Optical  Power  Levels 


Optical  Power  Input  to  Photodetector  (mW) 


Figure  B-2-2-2.  DSSC  Link  Gain  and  Noise  Figure  Data  Measured  Using  Ortel  PDs  at  Various  Input  Optical  Power  Levels 


Figure  B-2-2-3.  DSSC  Link  Performance  at  C-band:  Noise  Figure  vs.  RF  Carrier  Frequency  (w/Lasertron  PD). 


Figure  B-2-2-4.  DSSC  Link  Performance  at  C-band;  Noise  Figure  vs.  RF  Carrier  Frequency  (w/Ortel  PD). 


frcq  in  MHz 


ith  EDFA,  Input  Optical  Power  @  0.95  m^ 


Figure  B-2-2-6.  DSSC  Link  Phase  Noise  Test  Data:  Link  with  EDFA,  Input  Optical  Power  @  1.9  mW. 
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Figure  B-2-2-8.  DSSC  Link  Phase  Noise  Data:  Link  with  EDFA,  but  w/o  Pilot  Tones,  Input  Optical  Power  @  3  mW. 


Phase  Noise  Data;  Link  w/EDFA,  Measured  using  Network  Analyzer  (HP8563E),  2.5  GHz  RF  Carrier 
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Table  B-2-2-2.  Degradation  of  Ortel  High-power  PD  (continued). 


101 


Figure  B-2-3-1.  Phase  Stability  Test  Data  of  the  DSSC  Modulator  Link. 
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Appendix-  C.  DSSC  Performance  Simulation 
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Appendix-  D.  Summary  and  Recommendation 

An  exhaustive  series  of  measurements  have  been  performed  on  the  DSSC  modulator  link  which  included  multicarrier 
transmission  test  for  linearity  and  intermodulation  distortion,  amplitude  and  phase  noise,  and  phase  stability.  Maintaining  the  DSSC 
chip  at  the  third-order  null  seemed  a  very  difficult  task.  From  these  measurements,  we  determined  a  link  noise  figure  of  65  to  70  dB, 
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observation. 

♦  Proposed  investigation  of  the  system  level  performance  of  the  modified  DSSC  chip  biased  as  above.  Also,  explore  other  bias 
conditions  conducive  for  new  applications  of  the  EO  modulator  chip  developed. 
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DSSC  Operation 
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DSSC  Harmonic  Content 


Modified  DSSC 
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Modified  DSSC  Harmonic  Content 


Optical  Parameters  for  Link  Evaluation 
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Modulation  Index  0.2 

Analysis  BW  1 Q  MHz 


Link  Characteristics;  DSSC 
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Variation  in  Performance 
ith  Increased  Optical  Power 


Oplical  PD  Power  dBm 
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EDFA 
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Harmonic  Content  w/  EDFA 


in 

<0 
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PHI, 


Link  Characteristic  w/  EDF A 
and  Isat  =  1  inA 
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Link  Characteristic  w/EDFA 
and  Isat  =10  mA 
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Harmonic  Content  w/  ED  FA 
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DSSC  Output  w/ Higher  Order 
Spurious  Signal  Content;  m=.2 


DSSC  Output  w/  Higher  Order 
Spurious  Signal  Content;  in— .5 


DSSCM  Output  w/ Higher  Order 
Spurious  Signal  Content;  m=.2 
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DSSCM  Output  w/ Higher  Order 
Spurious  SigJtal  Content;  m=.5 


Harmonic  Content  of  Standard  MZM 
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PHI, 


Harmonic  Content  of  Standard 
MZM  with  Differential  Detection 
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DC  is  Suppressed  After  Photodetector;  Doesn’t  Improve  Saturation  Point 


Harmonic  Content  ofMZM 
w/  Carrier  Injection 
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DC  2  dB  Stronger  Than  Fundamental 

DC  and  Even  Harmonics  Suppressed  By  Detection 


Power  Transfer  Characteristics 

DSSC 
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Spurious  DR  Limited  by  2x2  for  Suboctave  Applications 


Power  Tranter  Characteristics 
DSSCM 
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Spurious  DR  Limited  by  2x2  for  Suboctave  Applications 

DR  -  103  dB/Hz*2/3:  Add  EDFA  w/  1mA  Detector  -128  dB/H2^2/3 


J33 


DR  ~  103  dB/Hz''2/3:  Add  EDFA  w/  1mA  Detector  -107  dB/Hz*2/3 
2nd  Order  Terms  Are  Suppressed 


Power  Transfer  Characteristics 
MZM  w/  Carrier 
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DR  ~  1 13  dB/Hz/^2/3;  Add  EDFA  w/  1mA  Detector  '-129  dB/Hz^2/3 
2nd  Order  Terms  Are  Suppressed 
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Power  in  Fundamental 


PoutlS  (dBm)  — PoutID  (dBm)  -  7  >  -  PoutlDM  (dBm) 


Performance  Summary  Chart 
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Using  an  EDFA  w/  a  Detector  That  Saturates  at  1  mA 
Measured  When  the  Modulation  Index  Is  at  0.2;  Mod  Index  =  jc*VdrA/ji 
*  Measured  on  DSSC  -  115  dB/Hz''2/3 


